Proper function of the 26 S proteasome requires assembly of the regulatory complex, which is composed of the lid and base subcomplexes. We characterized Rpn5, a lid subunit, in fission yeast. We show that Rpn5 associates with the proteasome rpn5. Deletion (rpn5⌬) exacerbates the growth defects in proteasome mutants, leading to mitotic abnormalities, which correlate with accumulation of polyubiquitinated proteins, such as Cut2/securin. Rpn5 expression is tightly controlled; both overexpression and deletion of rpn5 impair proteasome functions. The proteasome is assembled around the inner nuclear membrane in wild-type cells; however, in rpn5⌬ cells, proteasome subunits are improperly assembled and/or localized. In the lid mutants, Rpn5 is mislocalized in the cytosol, while in the base mutants, Rpn5 can enter the nucleus, but is left in the nucleoplasm, and not assembled into the nuclear membrane. These results suggest that Rpn5 is a dosage-dependent proteasome regulator and plays a role in mediating proper proteasome assembly. Moreover, the Rpn5 assembly may be a cooperative process that involves at least two steps: 1) nuclear import and 2) subsequent assembly into the nuclear membrane. The former step requires other components of the lid, while the latter requires the base. Human Rpn5 rescues the phenotypes associated with rpn5⌬ and is incorporated into the yeast proteasome, suggesting that Rpn5 functions are highly conserved.
The 26 S proteasome carries out the timely and efficient removal of misfolded and regulatory proteins whose accumulation is detrimental to cell growth (1). For example, the level of tumor suppressor p53 is tightly regulated such that it will rise up during DNA damage but decrease rapidly when the growth condition is favorable to prevent cell cycle arrest and apoptosis. In addition, efficient progression of M-phase requires the degradation of securin and mitotic cyclin. Securin (called Cut2 in Schizosaccharomyces pombe, Ref.
2) controls proteolysis of cohesin, the "glue" protein that bundles together sister chromatids. Securin degradation triggers cohesin degradation thus allowing sister chromatids to separate during mitosis. The mitotic cyclin must undergo proteolysis during anaphase to induce cytokinesis and the exit from M-phase.
The 26 S proteasome is composed of a catalytic complex, known as the 20 S core, and two regulatory complexes, called the 19 S caps (3) . The 19 S cap is itself composed of two subcomplexes, the lid and the base, each of which contains at least eight subunits. The catalytic core cannot degrade polyubiquitinated substrates unless it is assembled with the 19 S cap. At least two subunits in the 19 S cap bind polyubiquitinated proteins (4 -6) , suggesting that one of the key roles of the 19 S cap is to physically link the catalytic core to its substrates. Components in the 19 S cap also process antichaperone and protease functions (7, 8) , which are important for denaturing polyubiquitinated proteins and for removing Ub, 1 respectively, to allow protein substrates to enter the smaller catalytic chamber. Despite the importance of the 19 S cap, the functions of most of its subunits remain unknown.
We are using S. pombe to study Yin6, a homolog of mammalian Int6, which has been implicated in the development of breast cancer (9, 10) . yin6⌬ cells display numerous mitotic abnormalities, including inefficient chromosome segregation. In order to better understand how Yin6 regulates chromosome segregation, we performed a two-hybrid screen to search for Yin6-binding proteins, and identified a conserved proteasome regulatory subunit, Rpn5 (11) . We show that while S. pombe proteasome components are normally localized around the inner layer of the nuclear membrane, in yin6⌬ cells, Rpn5 mislocalizes in the cytosol, which correlates with improper proteasome assembly and inactivation. These data raise the possibility that Rpn5 can regulate proteasome functions by influencing its assembly.
In this study, we report that Rpn5 associates with the proteasome and is required for proper proteasome assembly in S. pombe. Intriguingly, Rpn5 is also frequently mislocalized in the cytosol in mutants defective in the lid of the 19 S cap; in contrast, in the base mutants, Rpn5 can enter the nucleus, but is not assembled around the nuclear membrane. We illustrate that human Rpn5 rescues the phenotype of rpn5⌬ cells and is similarly assembled into the proteasome in yeast, suggesting that the function of Rpn5 is highly conserved. Our data collectively support a model in which Rpn5 regulates proteasome assembly. In addition, it seems that the assembly of Rpn5, and perhaps other regulatory components as well, into the proteasome can be divided into at least two steps: 1) nuclear import and 2) assembly at the nuclear membrane, and that each regulatory component may influence these processes in a cooperative manner. (12) (13) (14) (15) (16) . Cells were grown in either yeast extract medium (YEAU) or synthetic minimal medium (MM) with appropriate auxotropic supplements (17) . To test for MBC and canavanine sensitivities, stock solutions of MBC (5 mg/ml in dimethyl sulfoxide) and canavanine sulfate (3 mg/ml in water) were prepared and added to media after autoclaving. We carried out all the experiments with cells pregrown to early logarithmic phase (2-5 ϫ 10 6 cells/ml). For spotting experiments, cells were serially diluted 1:5.
EXPERIMENTAL PROCEDURES

Strains and Microbial
Plasmid Constructions-The construction of pMYCRPN5, pREP1RPN5, pREP41GFP, pREP41GFPRPN5, pGADspRPN5, pBSRPN5ag, and pB-SRPN5-HAKan R are as described (11) . A BamHI-ApaI rpn5 cDNA fragment released from pGADspRPN5 was subcloned into pVJL11 (18) to create pLBDRPN5. The DNA fragment encoding GFP-Kan R was amplified by PCR using pFA6a-GFP(S65T)-KanMX6 (19) as template and cloned into pBSRPN5ag to build pBSRPN5-GFPKan R . A human rpn5 was amplified by PCR from a cDNA library of human erythroleukemia K562 cell line (Clontech) and cloned into pREP41GFP and pARTCM (18) to form pREP41GFPhRPN5 and pMYChRPN5.
Strain Constructions-The construction of the strains pus1-ProA, RPN5aU (rpn5a::ura4 rpn5b ϩ ), RPN5bU (rpn5a ϩ rpn5b::ura4), RPN5aA (rpn5a::ADE2 rpn5b ϩ ), RPN5bA (rpn5a ϩ rpn5b::ADE2), and RPN5UA (rpn5a::ura4 rpn5b::ADE2) has been described previously (11) . To tag chromosomal rpn5a or rpn5b at the 3Ј-end with the coding sequences of GFP or the HA1 epitope, XhoI-SmaI fragments containing rpn5-gfpKanR or rpn5-3HAKanR were isolated from pBSRPN5-GFPKan R or pBSRPN5-HAKan R and transformed into SP870 and RPN5aA or RPN5bA strains. Proper tagging was confirmed by PCR and Western blots. The resulting strains were named RPN5a-GFP (rpn5a-gfp rpn5b ϩ ), RPN5b-GFP (rpn5a ϩ rpn5b-gfp), RPN5a-HA (rpn5a-HA rpn5b ϩ ), RPN5b-HA (rpn5a ϩ rpn5b-HA), RPN5aARPN5b-HA (rpn5a:: ADE rpn5b-HA), and RPN5bARPN5a-HA (rpn5a-HA rpn5b::ADE2). To . B, wild-type (WT) and rpn5⌬ cells were pregrown in YEAU at 30°C, and then shifted to either 32 or 20°C to grow for another 18 h. Wild-type cells have the same morphology at 32 and 20°C (data not shown). Asterisks mark bent cells. C, cells were serially diluted and spotted on YEAU plates with (ϩ) or without (Ϫ) MBC (4 g/ml) and incubated at 32°C for 3 days. D, various strains were streaked on YEAU plates and incubated at either 30 or 20°C. E, cells were pregrown in YEAU at 30°C, resuspended in fresh YEAU, and then shifted to 20°C and grown for another 24 h. Cells were stained with DAPI and calcoflour to reveal DNA and the septum, respectively. The septa of cells with missegregated chromosomes are marked by arrowheads. The strains used were SP870 (WT), RPN5UA (rpn5⌬), RPN5aU (rpn5a⌬), and RPN5bA (rpn5b⌬). Scale bar, 5 m.
tag both rpn5 genes with GFP, the RPN5a-GFP and RPN5b-GFP strains were each transformed with a plasmid to provide a selection marker allowing for protoplast fusion and the strain RPN5-GFP (rpn5a-gfp rpn5b-gfp) was later isolated after tetrad dissection. We used the same strategy to generate strain RPN5-HA (rpn5a-HA rpn5b-HA). The strains with multiple genetic manipulations (mutation and gene tagging) were all isolated by tetrad dissection after cell fusion. We named those strains:
:ura4 rpn5b::ADE2), and CUT2-MYCRPN5UA (cut2-13MYC rpn5a::ura4 rpn5b::ADE2).
Fluorescence Microscopy-The procedures for calcofluor and 4Ј-6-diaminodino-2-phenylindole (DAPI) staining are as described (www.bio. uva.nl/pombe/handbook).
S Proteasome Pull-down-Approximately 30
ODs (ϳ3ϫ10 8 ) of cells were lysed in the ice-cold 26 S-binding buffer (25 mM Tris, 50 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol, 5 mM ATP, 0.1% Triton X-100, 20% glycerol, pH 7.0 -7.4). Total crude lysates were centrifuged twice at 20,800 ϫ g for 20 min. Supernatants with the same amount of proteins were incubated with either 10 l of IgG-Sepharose (Invitrogen) or protein A-Sepharose (Sigma) beads overnight at 4°C. After eight washes in the 26 S binding buffer, beads were incubated with the TEV protease (Invitrogen) twice for 1 h at 30°C to release the 26 S proteasome. Eluted proteins were analyzed by SDS-PAGE and Western blots. The antibodies against Mts2/Rpt2, Mts3/Rpn12, Mts4/Rpn1, and Pus1/ Rpn10 were as described (11) and used at 1:1,000 dilution. The antibodies against GFP (1:500), proteasome 20 S core ␣-subunits (MCP231, 1:1,000), and Cdc8 (1:400) were from Clontech, Affiniti and M. Balasubramanian (University of Singapore, Singapore; Ref. 20) , respectively. Monoclonal antibodies 9E10 (1:1,000) and 12CA5 (1:1,000) were used to detect Myc-and HA-tagged proteins.
Detection of Ubiquitinated Proteins-To detect ubiquitinated proteins, cells were broken by glass beads in the PEM buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgSO 4 , pH 6.9). Total crude extracts contain equal amounts of proteins were analyzed by immunoblotting with an ubiquitin antibody (1:3,500, from C. Pickart). The assay for detecting polyubiquitinated Cut2 was essentially as described (12) . Briefly, cells were transformed with pREP1 or pREP1His6-Ub and grown in MM medium without thiamine for 22 h to induce His-tagged ubiquitin expression. Approximately 30 OD units of cells were harvested and lysed in the lysis buffer (8 M urea, 100 mM sodium phosphate, 5 mM imidazole, pH 8.0). Total lysates were centrifuged twice at 20,800 ϫ g for 20 min. Supernatants with the same amount of proteins were mixed with 100 l of Ni-His⅐bind resin (Novagen) and incubated at room
FIG. 2. The level of Rpn5 is tightly controlled.
A, cell extracts from various strains were analyzed by immunoblotting using antibodies against HA or Cdc8. Cdc8 is the loading control. The relevant genotypes of various strains are as indicated. B, cell lysates were prepared from strain RPN5-HA (rpn5a-HA, rpn5b-HA), which was transformed with either a vector control (Ϫ, pARTCM) or the same vector carrying rpn5 tagged with the coding sequence of the Myc epitope (pMY-CRPN5, ϩ). The levels of endogenous and exogenous Rpn5 were measured by Western blots using antibodies specific for HA and Myc, respectively.
FIG. 3. Rpn5 associates with the proteasome.
A, cell lysates prepared from strain 10PA11GFP5bHA, in which chromosomal pus1 was tagged with the coding sequence of protein A, were pulled-down with IgG or protein A beads. The protein A beads were used as a negative control. The pulled-down proteins were analyzed by Western blots using antibodies specific for proteins indicated on the right. B, protein-protein interaction tested by the yeast two-hybrid system. Proteins fused with the LaxA DNA binding domain (LBD) and the Gal4 activation domain (GAD) are as indicated, and the activation of both HIS3 and lacZ is shown. The plasmids used were pLBDRPN5, pVJL11, pGADRPN9, and pACTII (11) . C, cells were grown in YEAU at 30°C and photographed. The GFP-tagged proteins under investigation are as indicated. The expression of both Pad1/Rpn11-GFP and Rpn5-GFP was under the control of their endogenous promoters. The strains used were pad1/rpn11-gfp and RPN5-GFP. Scale bar, 5 m. Non-ATPase in the base Ϫ Rpt1
ATPase in the base ϩ Mts2/Rpt2
ATPase in the base Ϫ Rpt5
ATPase in the base Ϫ Rpt6
ATPase in the base Ϫ temperature for 4 h. The resin was washed and ubiquitinated Cut2-Myc was detected by Western blotting with 9E10 (1:1,000).
RESULTS
The rpn5 Deletion Causes a Wide Range of Abnormalities Including
Chromosome Missegregation-S. pombe possesses two rpn5 genes, rpn5a, and rpn5b, whose 5Ј-flanking sequences are different, but which encode identical proteins (Fig. 1A) . To examine the function of Rpn5, we created strains in which either rpn5a (rpn5a⌬) or rpn5b (rpn5b⌬) or both (rpn5⌬) were deleted. We found that rpn5⌬ cells, like yin6⌬ cells, are morphologically abnormal (fat and bent at 32°C, Fig. 1B) , resistant to the microtubule-destabilizing drug MBC (Fig. 1C) , and display a cold-dependent growth defect (Fig. 1D) . In the cold, rpn5⌬ cells become elongated (Fig. 1B) and display chromosome disjunction defects (Fig. 1E) . Approximately 30% of septated rpn5⌬ cells grown at 20°C contain uneven DNA separation, and this defect happened less frequently when rpn5⌬ cells were grown at 30°C (2.8%) and was undetectable in wild-type cells (Ͻ0.1%). As in rpn5⌬ cells, S. pombe proteasome mutants also display MBC resistance and mitotic defects (21). The sim-
FIG. 4. Rpn5 is required for proper proteasome functions.
A, cells were grown in YEAU at 30°C, and equal numbers of them were then spread on MM plates with the indicated amount of canavanine and incubated at 30°C for 7 days. The number of colonies that emerged without canavanine was taken as 100% survival. The cells were seeded in triplicate and the numbers shown are mean Ϯ S.E. (n ϭ 3). The strains used were SP870 (WT), RPN5UA (rpn5⌬), RPN5aU (rpn5a⌬), and RPN5bA (rpn5b⌬). B, the mts3/rpn12-1 (Leu ϩ , Ura Ϫ , Ade Ϫ , mts3-Ts) and rpn5⌬ (RPN5UA; Leu Ϫ , rpn5a::ura4 ϩ , rpn5b::ADE2 ϩ ) strains were fused, and the resulting tetrads were dissected and incubated at 25°C (the permissive temperature for both mts3/rpn12 ts and rpn5⌬ cells). The presence of the mts3 mutation, rpn5a knockout, and rpn5b knockout were deduced from the display of the temperature-dependent growth defect, Ura ϩ , and Ade ϩ prototrophy, respectively. A total of 112 tetrads were dissected, and four of them are shown here (the relevant genotypes of those cells are as indicated). None of the mts3/rpn12 ts rpn5⌬ double mutant cells (Ura ϩ , Ade ϩ , Ts) were able to form colonies. They divided a few times and then stopped, and some of these were collected from the tetrad plates and stained with DAPI, as shown on the right. Scale bar, 5 m. C, wild-type (SP870) and rpn5⌬ (RPN5UA) cells transformed with either a vector control (Ϫ, pREP1) or the same vector carrying various genes as indicated were serially diluted and spotted in MM plates. Plates were incubated at 20°C for 7 days. The rescue efficiency (RE) is indicated on the right. D, cell lysates were prepared from cells grown either at 30°C or pregrown at 30°C then shifted to 20°C for 18 h. The levels of ubiquitinated proteins were analyzed by Western blotting using an anti-Ub antibody. Cdc8 is used as the loading control. The strains tested were SP870 (WT) and rpn5⌬ (RPN5UA). E, Indicated strains with (ϩ) or without (Ϫ) His-Ub expression were grown in MM medium at 30°C. Cell extracts were prepared, pulled down by Ni 2ϩ -resin and polyubiquitinated Cut2-Myc was detected by immunoblotting with an antibody against Myc. The strains used were cut2-MYC (rpn5 ϩ ) and CUT2-MYCRPN5UA (rpn5⌬). F, on the left, wild-type (SP870) and pad1/rpn11 ts (pad1/rpn11-1) cells were transformed with either a vector control (Ϫ, pREP1) or the same vector carrying the rpn5 gene (ϩ, pREP1RPN5). Serially diluted cells were spotted on MM plates and incubated at indicated temperatures. On the right, cell lysates were prepared from strain RPN5-HA (rpn5a-HA, rpn5b-HA) transformed with either pSLF173 (Ϫ, the vector control) or pHARPN5 (ϩ, expressing HA-Rpn5 under the control of the nmt1 promoter). The levels of endogenous and exogenous Rpn5 were analyzed by Western blots using antibodies specific for HA. Both endogenous and exogenous Rpn5 were tagged with 3 copies of the HA1 epitope. Note that due to the extra coding sequence present in pHARPN5, the molecular weight of the exogenous Rpn5 is slightly larger than that of the endogenous Rpn5. ilar phenotypes between rpn5⌬ cells, proteasome mutants, and yin6⌬ cells support the hypothesis that Rpn5 can regulate the proteasome and that Yin6 regulates the proteasome via Rpn5. In contrast to rpn5⌬ cells, cells in which only one copy of rpn5 was deleted are phenotypically indistinguishable from wildtype cells (Fig. 1 and data not shown) , suggesting that both rpn5a and rpn5b genes are functional.
Rpn5 Protein Levels Are Tightly Controlled-To directly examine whether rpn5a and rpn5b are both expressed, we tagged one or both chromosomal rpn5 genes with the HA1 epitope and performed immunoblots. As shown in Fig. 2A 4 and lane 5) . Furthermore, we found that overexpressing rpn5 exogenously from a plasmid leads to the reduction of endogenous Rpn5 protein expression (Fig. 2B) . These results indicate that both rpn5 genes are expressed and that the level of Rpn5 is tightly controlled. The physiological significance of this regulation will be investigated later.
Rpn5 Associates with the Proteasome-To investigate whether Rpn5 is part of the 26 S proteasome in S. pombe, we performed an affinity pull-down assay. We built a strain in which a component of the proteasome base, Pus1/Rpn10, was tagged at the chromosomal level by protein A (ProA), and the endogenous Rpn5 was tagged with the HA1 epitope. The resulting strain does not display any abnormal phenotypes, suggesting that both fusion proteins are functional. Our data show that by using the IgG beads, Rpn5 is efficiently pulled down along with Pus1/Rpn10-ProA, components of the 19 S lid and base, and the 20 S catalytic core (Fig. 3A) . Next, we performed a yeast two-hybrid assay to determine whether Rpn5 binds components of the 19 S cap with specificity. Our data indicate that Rpn5 readily binds Mts1/Rpn9 and Mss1/Rpt1, but not Mts2/Rpt2, Mts4/Rpn1, Pus1/Rpn10, and Rpt6 (Fig. 3B and Table I ).
S. pombe proteasomes are concentrated near the nuclear membrane. We have previously shown that Rpn5 is localized around the nuclear membrane when it is tagged N-terminally with GFP and expressed under the control of the nmt1 promoter (11) . In this study, we determined where endogenous Rpn5 localizes in the cell. A strain was constructed in which the endogenous rpn5 genes were both tagged with the coding sequence for GFP at the 3Ј-ends. Our data show that Rpn5-GFP, like other proteasome components (e.g. Pad1/Rpn11), localizes to the nuclear membrane of the cell (Fig. 3C) . These data support the idea that Rpn5 is a proteasome component in S. pombe cells.
Proper Proteasome Functions Require Rpn5-Since Rpn5 associates with the proteasome, we performed several lines of investigation to examine whether Rpn5 is important for the proper function of the proteasome.
First, we tested whether rpn5⌬ cells are sensitive to canavanine, an arginine analog, which causes the accumulation of abnormal proteins that must be degraded by the proteasome. As shown in Fig. 4A , canavanine is toxic to rpn5⌬ cells, but not to rpn5a⌬, rpn5b⌬, and wild-type cells.
Second, we determined whether proteasome mutations can intensify the growth defect of rpn5⌬ cells and whether overexpression of proteasome subunits can rescue it. We found that the temperature-sensitive (ts) mutations inactivating pad1/ rpn11 and mts3/rpn12 are synthetically lethal with rpn5⌬ since no viable rpn5⌬ pad1/rpn11 ts and rpn5⌬ mts3/rpn12 ts double mutants were obtained even at the permissive temperature (24°C) after tetrad dissections (Fig. 4B and data not shown) . A mts2/rpt2 ts mutation also severely worsens the growth defect of rpn5⌬ cells (data not shown). We examined the lethality of rpn5⌬ mts3/rpn12 ts double mutant cells in detail and found that these inviable cells are highly elongated with supercondensed chromosomes (Fig. 4B ). These observations suggest that rpn5 and proteasome double mutant cells lose viability due to a failure in cell cycle progression and chromosome segregation. Conversely, overexpression of at least two proteasome subunits, Mts2/Rpt2 and Mts3/Rpn12, partially rescues the cold-sensitive growth defect of rpn5⌬ cells (Fig. 4C) .
FIG. 5. Rpn5 mediates the assembly/localization of the proteasome. A, strains 10PA11GFP (rpn5
ϩ ) and 10PA11GFP5⌬ (rpn5⌬) were grown in YEAU at 30°C. Cell extracts were prepared and pulled-down as in Fig. 3A . The pulled-down proteins were analyzed by Western blots using antibodies specific for the proteins indicated on the right. B, strains pad1/rpn11-gfp (rpn5 ϩ ) and 11GFP5⌬ (rpn5⌬) were grown in YEAU at 30°C and photographed. Scale bar, 5 m.
Third, we investigated whether polyubiquitinated proteins are accumulated in rpn5⌬ cells by using immunoblotting. As shown in Fig. 4D , rpn5⌬ cells do contain more polyubiquitinated proteins as compared with wild-type cells. The level of polyubiquitinated proteins is further increased when rpn5⌬ cells are grown in the cold, which is consistent with the fact that the growth defect of rpn5⌬ cells is more severe in the cold (see Fig. 1D ). Cut2/securin is a well documented substrate for the proteasome and its accumulation leads to improper chromosome segregation. Thus, we examined whether the level of ubiquitinated Cut2 (Ub-Cut2) is higher in rpn5⌬ cells. We overexpressed polyhistidine-tagged Ub in cells and then examined whether more Cut2 can be pulled-down by Ni 2ϩ -beads in rpn5⌬ cells. As shown in Fig. 4E , cells lacking Rpn5 indeed contain more Ub-Cut2, and this may explain why rpn5⌬ cells show abnormal chromosome segregation (Fig. 1E) . In conclusion, both our genetic and biochemical data indicate that Rpn5 is necessary for proper proteasome functions. FIG. 6 . The assembly and localization of Rpn5 are affected by other proteasome components. A, indicated strains were pregrown in YEAU at 25°C and then shifted to 37°C to grow for another 4.5 h. Cell lysates were prepared, pulled-down, and analyzed as in Fig. 3A . The strains tested were 10PA5bHA (WT), 2TS10PA5bHA (mts2/rpt2 ts ), 3TS10PA5bHA (mts3/rpn12 ts ), and 11TS10PA5bHA (pad1/rpn11 ts ). B, to visualize Rpn5 localization in various strains, pREP41GFPRPN5 was integrated into the chromosomes. Cells were grown in MM medium either at 25°C or pregrown at 25°C then shifted to 37°C for 4.5 h, and photographed. The patterns of GFP-Rpn5 in these mutants are schematized below panels of cells. Scale bar, 5 m.
Since Rpn5 levels are tightly controlled, we investigated whether elevating the level of Rpn5 can interfere with proteasome functions. Indeed, we found that Rpn5 overexpression severely intensifies the growth defect of all available proteasome lid and base mutants (mts1/rpn9 ts , mts2/rpt2 ts , mts3/ rpn12 ts , mts4/rpn1 ts , and pad1/rpn11 ts ), and a representative study involving the pad1/rpn11 ts mutant is shown in Fig. 4F . We confirmed that our method of Rpn5 overexpression indeed raised total Rpn5 protein levels by immunoblots (Fig. 4F) . These results support the hypothesis that Rpn5 interacts with proteasome components in a dosage-dependent fashion.
Rpn5 Is Required for Proteasome Integrity-To examine whether proper proteasome assembly requires Rpn5, we performed a Pus1/Rpn10-ProA affinity pull-down assay to isolate proteasomes and analyzed their contents with immunoblots. Our data show that levels of proteasome components in the lid (Pad1/Rpn11 and Mts3/Rpn12) and base (Mts2/Rpt2 and Mts4/ Rpn1) and the 20S core (the ␣-subunits) are reduced at least 50% in rpn5⌬ cells (Fig. 5A) . To further confirm that proteasome misassembly/mislocalization occurs in rpn5⌬ cells, we examined the localization of Pad1/Rpn11-GFP in live cells. As shown in Fig. 5B , Pad1/Rpn11 is not associated with the nuclear membrane in rpn5⌬ cells; rather, it is primarily in the nucleoplasm.
Assembly of Rpn5 into the Proteasome Can Be Affected by the Proteasome Lid and Base Components via Different Mechanisms-
We examined whether other components in the lid and base can reciprocally influence Rpn5 assembly into the proteasome. Indeed, by using the Pus1/Rpn10-ProA pull-down, we found that Rpn5 incorporation into proteasomes is impaired in all tested lid and base mutants (Fig. 6A) .
Proteasome assembly in the nucleus may involve multiple steps. To delineate these steps and to determine what roles the lid and base components play in these, the localization of GFPRpn5 was analyzed in the lid and base mutants. Our data show that at the nonpermissive temperature, Rpn5 is diffused throughout the cell in the lid mutants, while in the base mutant, Rpn5 enters the nucleus, but is not concentrated around the nuclear membrane (Fig. 6B) . The lack of Rpn5 around the nuclear membrane is not due to a decrease in Rpn5 protein levels, since they are the same in all tested mutants (data not shown). These results support the possibility that the assembly of Rpn5 requires at least two steps: 1) nuclear import and 2) assembly of nuclear protein into the nuclear membrane. The lid is clearly important in facilitating Rpn5 entry into the nucleus, while the base plays a role in assembling Rpn5 into the nuclear membrane. Note that at the nonpermissive temperature, some cytoplasmic Rpn5 in both wild-type and proteasome mutant cells form aggregates (punctuate accumulations in the cytoplasm), which implies that Rpn5 may be misfolded when it is not in complex with the rest of the proteasome.
Rpn5 Function Is Conserved Evolutionarily-Human and S. pombe Rpn5 are over 40% identical in amino acid sequences (see Supplemental Figure) . We investigated whether they are also functional homologs. Our data show that human Rpn5 effectively rescues the phenotypes of rpn5⌬ cells (see Fig. 7A for the rescue of the cold-dependent growth defect; the data showing the restoration of the MBC response are not shown). Furthermore, human Rpn5, like S. pombe Rpn5, is a nuclear protein (Fig. 7B) and incorporated into the yeast proteasome (Fig.  7C) . Based on these data, we propose that the function of Rpn5 is conserved extensively across species. DISCUSSION We present evidence that Rpn5 is a regulatory component of the proteasome because it stably associates with the proteasome in S. pombe cells and its inactivation apparently weakens the proteasome activities, leading to the accumulation of polyubiquitinated proteins. While functions of most of the proteasome regulatory subunits are unknown, we demonstrated that FIG. 7 . The function of Rpn5 is highly conserved. A, rpn5⌬ (RPN5UA) cells transformed with either the vector control (pARTCM) or the same vector carrying S. pombe rpn5 (spRpn5; pMYCRPN5) or human rpn5 (hRpn5; pMYChRPN5) were pregrown in MM medium at 30°C and then spread on MM plates and incubated at 20°C. B, rpn5⌬ (RPN5UA) cells transformed with pREP41GFPhRPN5 (expressing GFP-hRpn5) were grown in MM medium at 30°C and photographed. Scale bar, 5 m. C, cell lysates were prepared from strain 10PA11GFP5⌬ transformed with a plasmid expressing Myc-tagged h-Rpn5 (pMYChRPN5). Proteasome pull-down and immunoblots were performed as in Fig. 3A.   FIG. 8 . The model. The assembly of Rpn5 into the proteasome in the nuclear membrane is postulated to involve at least two steps.
Step 1 represents nuclear import, which is mediated by other lid components;
Step 2 represents nuclear assembly, which requires the base components. ? is intended to point out that it is not known whether Rpn5 enters the nucleus in complex with other lid components.
Rpn5 plays a role in the assembly of the proteasome itself. This conclusion supports our previous finding that Yin6 can regulate proteasome assembly via Rpn5 (11) . In budding yeast, Rpn6 and Rpn9, like Rpn5 in fission yeast, are required for proper assembly of the proteasome (22, 23) , suggesting that regulation of proteasome assembly may be a common function performed by its regulatory subunits.
While Rpn5 plays a role in proteasome assembly, our data show that assembly of Rpn5 itself requires other proteasome regulatory subunits. These observations are consistent with the possibility that proteasome assembly is a cooperative process-the absence of a given proteasome subunit can lead to improper assembly of the entire proteasome. In further support of this, our data show that proteasomes are also misassembled in mts2/rpt2 ts , mts3/rpn12 ts , and pad1/rpn11 ts mutants. Cooperative assembly can occur if proteasome components interact with one another globally. In keeping with this, Rpn5 is a lid component (24) , and we show that it can bind both a lid and a base component (Mts1/Rpn9 and Mss1/Rpt1, respectively). Binding between other lid and bases components and between the regulatory subunits and the catalytic core have also been observed by others (25, 26) .
Proteasomes are nuclear in a wide range of eukaryotic cells and are nearly exclusively assembled around the nuclear membrane in both budding yeast and fission yeast (15, 27, 28) . How proteasomes are assembled into the nucleus is unknown. We found that Pad1/Rpn11 and Rpn5 can apparently enter the nucleus in proteasome mutants whose proteasome assembly is defective. Hence, we speculate that proteasome assembly can be divided into two discreet steps-nuclear import and assembly to the nuclear membrane (Fig. 8) . Furthermore, our data suggest that the lid and base components may preferentially engage in one of these steps (Fig. 8) . For instance, when the lid is defective, Rpn5 is unable to enter the nucleus efficiently and is diffused throughout the cells. When the base is defective, however, Rpn5 can enter the nucleus but fails to assemble into the nuclear membrane. It would be of interest to determine whether the lid and base components can also differentially influence the assembly and nuclear import of other regulatory subunits. Furthermore, it is also important to further investigate whether each component in the lid and each component in the base show the same activity in mediating nuclear import and assembly. We cannot exclude the possibility that the proteasome is assembled around the nuclear membrane as soon as it enters the nucleus, and that when the final assembly fails, some proteasome subunits, such as Pad1/Rpn11 and Rpn5, are preferentially discarded in the nucleoplasm.
Paradoxically, while fission yeast rpn5⌬ cells are viable, budding yeast rpn5⌬ cells are not viable (29) . We have several explanations. It is possible that inactivation of Rpn5 only partially impairs proteasome assembly in fission yeast, but it may do so completely in budding yeast. It is also possible that Rpn5 regulates the degradation of a specific set of substrates, which are different in the two yeasts. Moreover, we have shown previously that, of all the proteasome regulatory subunits examined, Yin6 preferentially interacts with Rpn5. Hence, we surmise that S. pombe Rpn5 may have co-evolved with Yin6, which is absent from budding yeast, and with some other components of the proteasome to adapt for a regulatory role. The proteasome in budding yeast, in contrast, cannot function without its Rpn5. In support of the idea that Rpn5 may play key regulatory roles in other eukaryotes, in a recent microarray analysis, the gene encoding human rpn5 has been shown to be among the 200 or so genes that are uniquely expressed in stem cells (30) .
